The virulon of Staphyloccocus aureus is controlled by intricate connections between transcriptional and post-transcriptional regulators including proteins and small non-coding RNAs (sRNAs). Many of the sRNAs regulate gene expression through basepairings with mRNAs. However, characterization of the direct sRNA targets in Gram-positive bacteria remained a difficult challenge. Here, we have applied and adapted the MS2-affinity purification approach coupled to RNA sequencing (MAPS) to determine the targetome of RsaA sRNA of S. aureus, known to repress the synthesis of the transcriptional regulator MgrA. Several mRNAs were enriched with RsaA expanding its regulatory network. Besides mgrA, several of these mRNAs encode a family of SsaA-like enzymes involved in peptidoglycan metabolism and the secreted anti-inflammatory FLIPr protein. Using a combination of in vivo and in vitro approaches, these mRNAs were validated as direct RsaA targets. Quantitative differential proteomics of wild-type and mutant strains corroborated the MAPS results. Additionally, it revealed that RsaA indirectly activated the synthesis of surface proteins supporting previous data that RsaA stimulated biofilm formation and favoured chronic infections. All together, this study shows that MAPS could also be easily applied in Gram-positive bacteria for identification of sRNA targetome.
INTRODUCTION
The importance of post-transcriptional regulation in bacteria is now widely recognized for several adaptive cel-lular processes such as iron regulation, biofilm formation, quorum sensing and virulence (1) . These regulations are essentially achieved through a combination of proteins (RNA binding proteins, ribonucleases) and small noncoding RNAs (sRNAs). Pioneering studies performed in Escherichia coli and closely related bacteria have revealed that most of the sRNAs regulate gene expression through direct mRNA binding (2, 3) . Because many sRNAs regulate transcriptional/post-transcriptional regulatory proteins, they induce downstream effects rendering challenging the identification of their primary targets. In addition, computational target predictions are delicate because basepairing interactions can be rather short and non-contiguous despite the fact that they often involved conserved and unpaired regions of the sRNAs (reviewed in 4, 5) . Hence, several approaches have been developed over the years to identify primary sRNA targets in order to characterize their regulatory networks and their functional impact on cell physiology (6, 3, 7) . In E. coli and closely related bacteria, analysis of the rapid changes in mRNA levels after pulse induction of the analysed sRNA has been for a long time one of the most successful methods (6) . Besides, other approaches were used to assess targets of sRNAs independent of mRNA levels such as differential proteomic approaches (8) , ribosome profiling (9) or purification of regulatory complexes using protein factors as baits (10, 11) . More recently, affinity purification of in vivo regulatory complexes coupled with high-throughput RNA sequencing methodology or MAPS standing for 'MS2 affinity purification coupled to RNA sequencing' (7, 12, 13) has proven to be powerful to access to the whole targetome of any type of RNAs in E. coli. In this work, we have adapted the MAPS strategy to Staphylococcus aureus sRNAs, and in particular to RsaA.
S. aureus is a Gram-positive opportunistic pathogen that is well adapted to diverse hosts and ecological niches. The Nucleic Acids Research, 2017, Vol. 45, No. 11 6747 bacterium is present in a third of the population on skin and in nostrils as commensal bacteria, but is also responsible for a wide range of infections from minor skin abscesses to life-threatening diseases such as bacteremia, infective endocarditis or toxic shock syndrome. Mainly recognized as extracellular pathogen, it can nevertheless invade professional and non-professional phagocytes leading to chronic infections that are difficult to treat (14) . S. aureus produces a plethora of virulence factors including secreted toxins, exopolysaccharides, the major component of the biofilm matrix, capsule and several surface proteins contributing to host adhesion. Transcriptional factors, two components systems and RNA regulators fine-tune the virulence expression programs (15) . The discovery of RNAIII, the major RNA regulator of virulence in S. aureus (16, 17) , has opened new ways of research. Today, more than 100 sR-NAs have been described in S. aureus although the functions of many of them are still unknown (reviewed in 18) . Several studies revealed that RNAIII and other sRNAs contain conserved UCCC seed sequences directed against the ribosome-binding sites (RBS) of target mRNAs (i.e. 19, 20, 21) . This mode of pairings is conserved among several Gram-positive bacteria (e.g. 22, 23) . This interaction hinders ribosome binding to inhibit translation initiation but in contrast to Gram-negative bacteria, does not necessarily lead to rapid depletion of the target mRNAs. This was the case with the Sigma B-dependent RsaA sRNA, which was first identified in S. aureus genome using bioinformatics and expression studies (24) . By comparing the cytosolic protein contents of the wild-type (WT) and the mutant rsaA strains by a 2D-gel approach, the synthesis of proteins belonging to the regulon of the global transcriptional regulator MgrA was altered and the effect of RsaA was opposite to that of MgrA (25) . In agreement with these observations, RsaA was shown to repress the translation of mgrA mRNA by forming imperfect duplexes between its C-rich motif and RBS of mgrA mRNA further stabilized by a loop-loop interaction within the coding region of mgrA. Consequently, RsaA causes enhanced production of biofilm, decreased synthesis of capsule formation, and decreased protection of S. aureus against opsonophagocytic killing by polymorphonuclear leukocytes (25) .
In order to extend the repertoire of RsaA targets, we adapted for the first time the MAPS technology to S. aureus. RsaA was tagged at its 5 end with two hairpin motifs recognized by the MS2 coat protein and expressed in vivo. After cell lysis, affinity chromatography purification followed by RNA-seq, we have confirmed that mgrA mRNA was the main mRNA target of RsaA and have revealed other mR-NAs encoding cell wall hydrolases and FLIPr (also called FlR), a secreted immunomodulatory molecule that interferes with effective opsonization by the complement and/or IgG antibodies (26) . The MAPS approach appears to be a powerful methodology to extend RsaA regulon of S. aureus. This strategy was further corroborated to a complete differential proteomic analysis of the WT and rsaA strains including cytosolic and secreted proteins.
MATERIALS AND METHODS

Strains, plasmids and growth conditions
S. aureus strains and plasmids used in this study are listed in Supplementary Table S1 . E. coli strain DC10B (27) was used as a host strain for plasmid construction. Plasmids extracted from E. coli DC10B can be used directly for S. aureus electroporation. E. coli strain was cultivated in Luria-Bertani (LB) medium (1% peptone, 0.5% yeast extract, 1% NaCl) supplemented with ampicillin (100 g/ml) when necessary. LB-agar plates (with or without ampicillin) were also used for growth on solid medium. S. aureus strains were grown in Brain-Heart Infusion (BHI) medium (Sigma-Aldrich) supplemented with erythromycin (10 g/ml) when necessary. Blood-agar (VWR Chemicals) and BHI plates (with or without erythromycin) were used for growth on solid medium. Plasmids were prepared from transformed E. coli pellets using the Nucleospin Plasmid kit (Macherey-Nagel). Transformation of both E. coli and S. aureus strains was performed by electroporation (Bio-Rad Gene Pulser).
All plasmids were prepared using pCN51 as template vector (28) . Synthesis of polymerase chain reaction (PCR) products was performed using Phusion Polymerase (Thermoscientific). To remove the cadmium inducible promoter, pCN51 was digested by SphI/PstI. The P3 promoter region was then amplified by PCR and cloned into pCN51 following SphI/PstI digestion, forming pCN51::P3. PCR products containing either the sole MS2 tag, or MS2 tag fused to the 5 end of RsaA were cloned into pCN51::P3 following digestion of products and of the plasmid by PstI/BamHI (see Supplementary Table S2 for primers containing a double MS2 tag sequence). Construction of both pCN51::P3 and its derivatives ( Supplementary Table S1 ) was conducted in DC10B. Plasmids from positive clones were sequenced (GATC Biotech) before being electroporated into S. aureus strains.
Preparation of crude bacterial extracts
For crude bacterial extract preparation, S. aureus cells were grown in 50 ml BHI medium to an OD 600nm of 5 (∼6 h of culture at 37 • C), immediately chilled on ice, and then pelleted by centrifugation (3750 rpm, 15 min, 4 • C). Supernatants were carefully removed and the pellets were resuspended in 4 ml ice-cold Buffer A (20 mM Tris-HCl pH 8, 150 mM KCl, 1 mM MgCl 2 , 1 mM DTT). Cells were then transferred into Lysis Matrix B Tubes (MP Biomedicals) and lysis was performed with FastPrep apparatus (MP Biomedicals). The tubes were then centrifuged 15 min (13 000 rpm, 4 • C). The supernatants (around 4 ml) were carefully removed and placed in new ice-cold tubes that were maintained at 4 • C until subsequent use for the affinity chromatography.
Affinity purification of regulatory complexes containing MS2-tagged RsaA
The MS2 coat protein fused to maltose binding protein (MS2-MBP) was purified as previously described (29) . All steps for affinity chromatography purification were performed at 4 • C. For each sample, 300 l of amylose resin (New England BioLabs) per column was used. The columns containing the amylose resin were washed three times with 10 ml Buffer A, and 3600 pmoles of MS2-MBP (diluted in 6 ml of Buffer A) were then immobilized in each column. The crude bacterial extracts (4 ml) were directly loaded on each column, followed by three washes with 10 ml Buffer A. Finally, RNAs and proteins were eluted from the column with 1 ml of Buffer E (20 mM Tris-HCl pH 8, 150 mM KCl, 1 mM MgCl 2 , 1 mM DTT, 0.1% Triton X-100, 12 mM maltose). Eluted RNAs were extracted with phenol/chloroform:isoamylalcohol (25 :24 :1 (v/v), Roth) and precipitated with three volumes of cold absolute ethanol in the presence of sodium acetate 0.3 M. The RNA samples were either used for Northern blot or treated with DNase I prior to RNA-seq analysis. Isolation of tagged sR-NAs and the co-purified RNAs was performed in duplicates.
Northern blot
Total RNAs were prepared from different volumes of S. aureus cultures taken at 2, 4 and 6 h of culture. After centrifugation, bacterial pellets were resuspended in RNA Pro Solution (MP Biomedicals). Lysis was performed with FastPrep and the RNA purification followed strictly the procedure described for the FastRNA Pro Blue Kit (MP Biomedicals).
Electrophoresis of either total RNA (10 g) or MS2eluted RNA (1 g) was performed on 1% agarose gel containing 25 mM guanidium thiocyanate. After migration, RNAs were vacuum transferred on nitrocellulose membrane. Hybridization with specific digoxygenin (DIG)labelled probes complementary to RsaA, mgrA, hu or the MS2-tag sequences followed by luminescent detection were carried out as described previously (21) .
RNA-seq analysis
For both total RNA extracts and MS2-eluted RNAs, DNase I (0.1 U/l) treatment was performed 1 h at 37 • C. The reaction mixtures were then purified by phenol/chloroform/isoamylalcohol and subsequent ethanol precipitation as described above. RNA pellets were re-suspended in sterile milliQ water. RNA quality and quantity assessments were performed on Agilent Nano Chip on the Bioanalyzer 2100. The RNAs for total transcriptomics were then treated to deplete abundant rRNAs, and the cDNA libraries were performed using the Random Hexamer approach and sequenced by Fasteris (Switzerland). The standard protocol used is the 'TruSeq Stranded mRNA' which is based on the TruSeq Illumina kit and which preserves the information about the orientation of the transcripts and produces reads of 125 nts, which map on the complementary strand. The libraries were sequenced using Illumina Hi-Seq 2500 with High-Output (HO) mode using a V4 chemistry sequencing kit (Illumina). Each RNA-seq was performed in duplicates. The reads were then processed to remove adapter sequences and poor quality reads by Trimmomatic (30) , converted to the FASTQ format with FASTQ Groomer (31) , aligned on the HG001 genome closely related to HG003 genome (32) using BOWTIE2 (33) . Finally, the number of reads mapping to each annotated feature has been counted with HTSeq (34) using the interception non-empty protocol. All processing steps were performed using the Galaxy platform (35) . To estimate the enrichment values for the MAPS experiment or the differential expression analysis for the transcriptomic experiment, we used DEseq2 (36) . The statistical analysis process includes data normalization, graphical exploration of raw and normalized data, test for differential expression for each feature between the conditions, raw P-value adjustment and export of lists of features having a significant differential expression (threshold P-value = 0.05; fold change threshold = 2) between the conditions.
Preparation of RNAs for in vitro experiments
Transcription of RsaA and RsaAmutC was performed using linearized pUC18 vectors (25) . PCR fragments containing the 5 UTR and the 120 first nucleotides of selected mRNA targets were directly used as templates for in vitro transcription using T7 RNA polymerase. The RNAs were then purified using a 6% polyacrylamide-8 M urea gel electrophoresis. After elution with 0.5 M ammonium acetate pH 6.5 containing 1 mM ethylenediaminetetraacetic acid (EDTA), the RNAs were precipitated in cold absolute ethanol, washed with 85% ethanol and vacuum-dried. The labelling of the 5 end of dephosphorylated RNAs (RsaA/RsaAmutC) and DNA oligonucleotides were performed with T4 polynucleotide kinase (Fermentas) and [␥ 32 P] adenosine triphosphate as previously described (21) .
Before use, cold or labelled RNAs were renaturated by incubation at 90 • C for 1 min in 20 mM Tris-HCl pH 7.5, cooled 1 min on ice and incubated 10 min at 20 • C in ToeP+ buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 60 mM KCl, 1 mM DTT).
In vitro translation assays
The in vitro translation assays were performed using the fulllength mgrA mRNA and the PURESYSTEMII Classic Kit (Cosmo Bio Co, Japan). The construct carries an additional sequence corresponding to the FLAG peptide, which was inserted at the 3 end of mgrA (25) . The reactions were performed at 37 • C for 1 h in the presence of 25 l of the commercial solution A and 10 l of the commercial solution B in the presence of 10 pmoles of mgrA mRNA. Experiments were also carried out in the presence of increasing concentrations of RsaA or of MS2-RsaA transcript (5-30 pmoles). Reactions were stopped by adding an equal volume of Laemmli buffer. The proteins were detected by western blot with an antibody against the FLAG tag (Sigma).
Gel retardation assays
Radiolabelled purified RsaA or RsaAmutC (50 000 cps/sample, concentration < 1 pM) and cold mRNAs were renaturated separately as described above. For each experiment, increasing concentrations of cold mRNAs (20-240 nM for ssaA2 3, 50-900 nM for the other mRNAs) were added to the 5 end labelled RsaA or RsaAmutC in a total volume of 10 l containing the ToeP+ buffer. Complex formation was performed at 37 • C during 15 min. After incubation, 10 l of glycerol blue was added and the samples were loaded on a 6% polyacrylamide gel under nondenaturing conditions (1 h, 300 V, 4 • C). Quantification of the data corresponding to free RsaA or RsaAmutC and to RsaA/mRNA complex present on the autoradiography was done with ImageQuant TL software (GE Healthcare Life Sciences). Under these conditions where the concentration of the labelled RNA is negligible, the K D dissociation constant can be evaluated as the concentration of the cold RNA that showed 50% of binding.
Toe-printing assays
The preparation of E. coli 30S subunits, the formation of a simplified translational initiation complex with mRNA, and the extension inhibition conditions were performed as previously described (37) . Increasing concentrations of either RsaA or RsaAmutC concentrations were used to monitor their effects on the formation of the initiation complex with mgrA. Experimental details are given in the Supplementary Data.
Mapping RsaA-mRNA interactions using footprinting
RsaA-flr mRNA formation was carried out at 37 • C for 15 min in ToeP+ buffer. Enzymatic hydrolysis was performed on the unlabelled mRNA (1 pmole) free or bound to RsaA in the presence of 1 g carrier tRNA at 37 • C for 5 min in 20 l of ToeP+ buffer. The reactions were performed with RNase T1 (0.0025 units), RNase V1 (0.5 units) or RNase T2 (0.05 U). The reactions were stopped by phenol extraction followed by RNA precipitation. The enzymatic cleavages in flr mRNA were detected by primer extension with reverse transcriptase according to (38) .
Relative quantification of RNAs by RT-qPCR
Fresh BHI broth was inoculated with an overnight culture to an initial OD 600 nm of 0.05 and grown 6 h at 37 • C with shaking (200 rpm). The bacterial cells were harvested, washed in 10 mM Tris-HCl pH 8 and diluted to a standard OD 600 of 1.0. An aliquot of the diluted bacterial suspension (1 ml) was treated with 20 g lysostaphin. The RNA isolation was performed using the RNeasy Plus mini kit (QIA-GEN) according to the manufacturer's instructions. Then, 1 g of total RNA was transcribed into cDNA using Reverse Transcriptase System (Promega) and random primer according to the manufacturer's instructions. Finally, 2 l of 1/5 diluted cDNA was used as a template for the real-time PCR amplification using light cycler Fast Start DNA Syber Green I kit (Roche) and a LightCycler instrument (Roche) following the manufacturer's instructions. Specific primers are shown in Supplementary Table S2 . The amplification products were detected using SYBR Green. The relative amounts of amplicons for each gene were determined using quantitative PCR relative to an internal standard (gyrB). The expression levels of the RNA were expressed as n-fold differences relative to the calibrator. The RT-qPCR experiments were processed in triplicates.
In vivo ß-galactosidase assays
Translation fusions were constructed with plasmid pLUG220, a derivative of pTCV-lac, a low-copy-number promoter-less lacZ vector ( Supplementary Table S1 ), containing the constitutive rpoB promoter. The whole leader region of ssaA2 3 (nts −83 to +87) and glpF (nts −215 to +114) mRNAs (primers in Supplementary Table  S2 ) were cloned downstream the PrpoB in frame with lacZ. ß-galactosidase activity was measured four times as described (25) .
Differential proteomics for cytoplasmic and secreted proteins
Triplicate protein extracts from supernatant or cytoplasm of HG001 (WT), rsaA mutant strain (LUG1630) and the same strain complemented with a plasmid expressing RsaA, were analysed in separate LC/MS experiments. MS/MS spectra numbers were compared for each protein. Total protein extracts were prepared as follows: 1.5 ml of a S. aureus culture (OD 600nm = 5) was centrifuged and the pellet resuspended in 150 l of lysis buffer (10 mM Tris pH 7.5, 20 mM NaCl, 1 mM EDTA, 5 mM MgCl 2 ) in the presence of 50 g/ml lysostaphin, 15 l of protease inhibitor cocktail (Thermo Fischer Scientific), 2 l DNase 10 U/l (Roche), 2 l RNase 500 g/ml (Roche) and incubated for 30 min at 37 • C. Then, 1 ml Trizol Reagent (Life Technologies) was used according to the manufacturer's protocol. The final proteins phases were then precipitated in icecold acetone at least for 2 h at −20 • C. Secreted proteins were prepared as follows: supernatants of cultures were filtered through a 0.22 M membrane and precipitated with five volumes of 0.1 M ammonium acetate in methanol. To quantify protein extracts by Bradford assay, air-dried protein pellets were resuspended in 2D buffer (7 M Urea, 2 M Thiourea, 4% Chaps, 25 mM Tris pH 8) for total extracts or Triton buffer (1% triton × 100, 50 mM NaCl, 50 mM Tris pH 8) for secreted proteins. Proteins (5 g) were precipitated with methanol/0.1 M ammonium acetate, reduced and alkylated (5 mM DTT, 10 mM iodoacetamide) and digested overnight with 1/25 (W/W) of trypsin. The peptide mixtures (1 g /sample) were analysed using a NanoLC-2DPlus system coupled to a TripleTOF 5600 mass spectrometer (ABSciex) as previously described (22) .
Protein identifications were assigned using Mascot algorithm (version 2.5, Matrix Science, London, UK) through ProlineStudio 1.2 package (http://proline.profiproteomic. fr/). Data were searched against the S. aureus HG001 genome. Peptide modifications allowed during the search were: N-acetyl (protein), carbamidomethylation (C) and oxidation (M). Mass tolerances in MS and MS/MS were set to 20 ppm and 0.5 Da, respectively. Two trypsin missed cleavages sites were allowed. After the import of the Mascot data files, proteins were validated on Mascot pretty rank equal to 1.1% false discovery rate (FDR), on peptide spectrum matches (PSM) based on PSM score, and 1% FDR on protein sets on protein set score. A spectral counting quantitative strategy was applied on the Mascot identification summaries. To evaluate the reproducibility, a statistical Student t-test was applied to this experiment.
RESULTS
MS2-RsaA is functional in vivo
The MS2 tagged version of RsaA was expressed from a plasmid under the control of the agr-dependent P3 promoter allowing an accumulation of the RNA at the stationary phase of growth in the mutant rsaA strain (LUG1630; Supplementary Table S1 ). RsaA was detected by Northern blot using total RNAs extracted at 2, 4 and 6 h of growth. Using a DIG-labelled RsaA probe, we show that MS2-RsaA is efficiently transcribed from the P3 promoter ( Figure 1A ) in a manner highly similar to RsaA expressed from its endogenous promoter in the WT strain ( Figure 1A ). We then measured the half-lives of MS2-RsaA and of RsaA transcribed from the chromosome in BHI medium at 37 • C after rifampicin treatment at 4 h of growth ( Supplementary Figure S1 ). Under these conditions, MS2-RsaA, even if slightly overexpressed, is as stable as RsaA, with a half-life > 60 min (24) . These data show that the steady state level and the stability of RsaA were not affected by the presence of the MS2 tag.
Affinity chromatography was then performed to verify the specific retention of MS2-RsaA by the MS2-MBP fused protein. The RNAs extracted from the different fractions (Crude extract, Flowthrough, Wash and Elution) were analysed by Northern blot and revealed with a DIG-probe against RsaA. The data showed that MS2-RsaA was specifically enriched in the elution fraction ( Figure 1B ). As we have previously shown that RsaA is a translational repressor of mgrA mRNA, we have tested whether the mRNA was co-purified together with MS2-RsaA. We also used hu mRNA, which was not enriched together with RsaA. The Northern blot performed with a DIG-RNA probe revealed that mgrA mRNA was strongly enriched in the eluted fraction while hu mRNA was primarily detected in the Flowthrough and Wash fractions ( Figure 1B ). We have further verified that the MS2-tagged derivative of RsaA is functional. In vitro translation assays (PURE system) were performed with the whole mgrA mRNA whose translation is known to be repressed by RsaA (Romilly et al. (25) ). A FLAG tag was added at the C-terminus part of the protein MgrA to monitor its synthesis using Western blot analysis. Addition of increasing concentrations of RsaA or MS2-RsaA led to a strong inhibition of MgrA synthesis ( Figure  1C ).
All in all, addition of the MS2 tag to RsaA had no significant effect on its expression, stability and its regulatory activities. Therefore, the MAPS approach was performed to characterize the targetome of RsaA.
The MAPS approach reveals novel mRNAs as potential targets of RsaA
In the following experiments, we have prepared crude extracts from the rsaA mutant strain expressing MS2-RsaA and the WT strain expressing the MS2 tag alone from a plasmid ( Supplementary Table S1 ). Bacterial growth was performed in BHI medium for 6h where RsaA should be sufficiently abundant for the identification of the targets. After affinity chromatography, RNA was extracted from the eluted fraction and prepared for sequencing. In paral-lel, we have performed from total RNA extracts prepared from the WT strain and the mutant strain expressing MS2-RsaA, a transcriptomic analysis to gain some indication on the expression levels of the mRNAs ( Supplementary Table  S3 ). The differential expression analysis revealed no major changes in the corresponding transcriptomes and also confirmed that the RsaA level was only slightly more abundant when MS2-RsaA was expressed from the plasmid (1.7-fold). We could also estimate the cellular abundance of each of the transcripts of the RsaA targetome, which has been used in combination with the enrichment values of the MAPS analysis to estimate in vivo affinities (designated as affinity rank in Supplementary Table S5 ) between RsaA and its targets. The data were analysed and visualized using Galaxy (35) and the Integrative Genomics Viewer (IGV) browser, respectively (39) ( Table 1 , and Supplementary Table S4). A detailed protocol for the bioinformatic analysis is provided in 'Materials and Methods' section. Briefly, we aligned the sequencing reads onto our reference genome HG001, counted per feature and normalized, we have estimated the enrichment of putative targets by comparing the number of reads obtained from the tagged MS2-RsaA purification and the MS2 alone as control. Reads were found to map all along the co-purified RNAs and RsaA showing that the RNAs were not degraded during the treatment (Supplementary Figure S2) . The data were reproduced by two independent experiments. Interestingly, the best enrichment was obtained for mgrA mRNA, which was previously experimentally validated (25) . Due to the number of total reads, we decided to fix the cut-off at around 2.5-fold using the DeSeq2 method. Using these criteria of selection, we obtained a restricted list of candidates (Table 1) . Interestingly, several of the mRNAs code for proteins involved in common pathways. They include ssaA2 3, ssaA2 4, ssaA2 2 and ssaA 2, all belonging to the family of staphylococcal secretory antigen A (SsaA). These proteins contain a CHAP domain corresponding to an amidase function involved in peptidoglycan metabolism (reviewed in (40)). In addition, we identified another mRNA encoding a protein (orf HG001 01977) containing a SH3 domain, which is present in glycyl-glycine endopeptidases like lysostaphine. We also found flr mRNA, which encodes FLIPr, a secreted immunomodulatory molecule that interferes with effective opsonization by complement and/or IgG antibodies (41) . Other mRNAs encode the ribosomal protein L19, a drug efflux pump NorB that confers quinolone resistance and a Dserine/D-alanine/glycine transporter. Transcriptomic analysis revealed that among the co-purified mRNAs, the mR-NAs ssaA 2 and flr were weakly expressed suggesting that both mRNAs are most probably specifically recognized by RsaA ( Supplementary Table S3 ). Therefore, no direct correlation was found between mRNA abundance and their enrichment after the affinity chromatography.
We then searched for possible intermolecular basepairing interactions between RsaA and its potential mRNA targets using RNACoFold and IntaRNA (Table 1 and Supplementary Table S5 ). Again, the best hit was mgrA mRNA, but stable pairings were also predicted with the four ssaA mR-NAs and flr mRNA. Less stable interactions were detected for norB, cycA, glpF and rplS. Interestingly, most of the predictions involved the conserved UCCCA motif of RsaA and Washing ; EL : Elution. mgrA* denotes a short fragment of the mgrA mRNA (below 274 nts) that was specifically detected by the mgrA probe in the elution fraction. This RNA fragment most likely represented a degradation product of mgrA mRNA containing the sequences interacting with RsaA. (C) In vitro translation assay performed with PURESYSTEM. The reactions were performed with 10 pmol of wild-type (WT) mgrA mRNA and in the presence of increasing quantities of WT RsaA or MS2-RsaA. The proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (10%) and were revealed using a FLAG-specific antibody. *unspecific protein revealed with the FLAG-antibody, this protein was used as an internal loading control. the Shine and Dalgarno (SD) sequence of the mRNAs. Only for HG001 01977 mRNA, stable pairings were between the 5 UTR of the mRNA and the first apical loop of RsaA ( Supplementary Table S5 ). In many cases such as mgrA, ssaA and flr mRNAs, a second distant region of interactions was predicted in their coding sequences (Supplementary Table S5 ). These data suggest that RsaA would bind directly to many of these mRNAs, and would repress the translation through sequestration of the SD sequence.
RsaA forms stable complexes with various mRNAs
Based on the MAPS data, we first analysed whether RsaA directly binds to the mRNA candidates using gel retardation assays (Figure 2 and Supplementary Figure S3 ). In vitro 5 end-labelled RsaA was incubated with increasing concentrations of the various mRNAs including the four ssaA species, flr, norB-4, cycA, HG001 01977, rplS and glpF. All the mRNA fragments contain the whole 5 UTR and at least 120 nts of the coding region ( Supplementary Table S2 ). The experiments were performed in a buffer containing magnesium and salt, without prior denaturation of the mRNA targets. The data showed that RsaA formed complexes with high affinity (between 20 and 100 nM, see Supplementary  Table S5 ) with ssaA 2, ssaA2 3 and flr. For flr mRNA, two distinct complexes were observed, indicating that two RsaA molecules are able to bind to the mRNA. Affinity of complexes between RsaA and HG001 01977 or ssaA2 2 was weaker (>250 nM), but the deletion of the 5 UTR of ssaA2 2 significantly enhanced duplex formation (Supplementary Figure S3A ). Finally, no gel retardation was observed when complex formation was performed with RsaA and increasing concentrations of ssaA2 4, glpF, rplS, norB-4 and cycA mRNAs (up to 1 M, Supplementary Figure  S3B ).
Because the C-rich motif of RsaA was predicted to basepair with the SD of mRNA targets, we analysed whether mutations at these positions would affect RsaA binding as it was demonstrated for mgrA (25) . Complex formation was carried out under strictly identical conditions for the WT and a version of RsaA in which the GUUCUCCC sequence had been replaced by CAAGACCC (RsaAmutC). The data showed that RsaAmutC failed to bind to ssaA2 3 and flr mRNAs ( Figure 2B) . Surprisingly, the second complex with flr also disappeared when using RsaAmutC, which would indicate cooperation between both sites. In these cases, the C-rich motif of RsaA might act as a seed sequence to initiate mRNA binding. In contrast, mutations in RsaA-mutC slightly altered the stability of the complex formed with ssaA 2 mRNA while they had no significant effect on HG001 01977 mRNA binding as expected, since the major site for basepairing interactions involved the first hairpin loop of RsaA (Figure 2 and Supplementary Figure S5 ).
Because the gel retardation assays suggested that two RsaA molecules could bind to flr mRNA, we have performed footprinting experiments using the double-strand specific RNase V1, the single-strand specific RNase T2 (preference for unpaired adenines) and RNase T1 (specific for unpaired guanine) ( Figure 5B ). The data revealed that the addition of RsaA induced significant changes in the re-gion encompassing the SD sequence and part of the coding sequence from A − 10 to C + 38. Enhanced RNase V1 cuts were located close to the SD sequence (at adenines −7, −8 and −10) and in the coding sequence at C + 35/U + 36. Concomitantly, binding of RsaA reduced RNase T2 hydrolysis at positions U + 24, A + 25 and U + 27 while enhanced cleavages were observed at A + 4 to A + 9. These changes are well correlated with the positioning of two RsaA molecules. In this model, the CCCU motif would interact with the SD sequence.
Taken together, the gel retardation assays correlate well with the prediction of the basepairing interactions and suggest that the C-rich motif of RsaA is one of its major regulatory determinant sites.
RsaA hinders ribosome binding site of several mRNA targets
Because sRNA-mRNA pairings can alter mRNA decay (stabilization/degradation), we have probed whether RsaA affects the steady state levels of the target mRNAs. We therefore performed RT-qPCR in triplicate on selected target mRNAs using total RNAs extracted from the WT HG001 strain, the isogenic HG001 rsaA mutant strain and HG001 rsaA complemented with pCN51::PrsaA (Supplementary Table S1 ). The levels of each mRNA were quantified relative to gyrB (Figure 3) . The data showed that the deletion of rsaA did not significantly affect the steady state levels of HG001 01977, flr, ssaA2 2 and ssaA 2 3 mRNAs. Only for ssaA 2 mRNA, the deletion of rsaA led to a reproducibly weak increase in mRNA yield, although the statistics of the data cannot be considered relevant. Such a mild RsaA-dependent effect was also observed for mgrA mRNA (25) .
Toe-printing assays were then used to decipher the effect of RsaA and of RsaAmutC on the formation of the ternary initiation complex formed in the presence of mRNA, the initiator tRNA and the 30S subunit. The experiments performed with ssaA 2, ssaA2 2, ssaA2 3 and flr mRNAs, showed that the ribosome efficiently recognized the mRNAs as illustrated by the presence of the toe-print signal at position +16 (+1 being the initiation codon). The addition of RsaA together with the 30S strongly decreased the toe-print signal showing that RsaA competes efficiently with the ribosome for mRNA binding (Figures 4 and 5 , Supplementary Figure S4 ). The RsaA-dependent inhibition was albeit less efficient for ssaA2 2 (Supplementary Figure S4) . Toeprinting experiment was also performed for HG001 01977 mRNA (Supplementary Figure S5) . However in this case, we did not observe any toe-print signal correlated with the absence of a SD sequence. The addition of RsaA caused a specific pause of the reverse transcriptase that corresponds to the predicted basepairing interactions (Supplementary Figure S5 and Table S5 ).
For flr, ssaA2 2 and ssaA2 3 mRNAs, the formation of the initiation complex was completely restored when RsaA-mutC was added in the reaction (Figures 4, 5A and Supplementary Figure S4 ). This result correlates well with the gel retardation assays, which showed that the C-rich motif of RsaA is essential for stable duplex formation. In the case of ssaA 2 mRNA, addition of RsaAmutC to the reaction did not alter the formation of the initiation ribosomal The data were normalized to the level of gyrB mRNA expression from total RNA extracts prepared from in vitro culture to the late-exponential phase (6 h) of HG001 (WT), the rsaA mutant strain and the complemented strain with a plasmid expressing RsaA under its own promoter. complex as evidenced by the presence of a toe-printing signal comparable to the reaction performed in the presence of RsaA, supporting the Electrophoretic Mobility Shift Assay results. In this case, the mutations are silent because the second binding site occurring in the coding sequence of the mRNA contribute significantly to the stability of the duplex.
To further validate the in vivo relevance of RsaAdependent repression of the mRNA target ssaA2 3, we analysed the expression of a reporter construct carrying the regulatory region of ssaA2 3 fused to lacZ in S. aureus HG001-rsaA strain expressing the WT RsaA ou RsaA-mutC under its own promoter. We also analysed the expression of glpF-lacZ mRNA. The glpF mRNA was pulled out in the MS2 purification but did not interact with RsaA in the EMSA experiment (Supplementary Figure S3 ). In these constructs, the entire leader regulatory region of ssaA2 3 and glpF genes and around 100 nts from their coding sequences were cloned in-frame with the lacZ gene into the pLUG220::PrpoB vector ( Supplementary Table S2 ). The ßgalactosidase activity was respectively 3-and 5-fold lower in the rsaA mutant strain expressing WT RsaA than in the same strain transformed with the control vector or with the RsaAmutC vector ( Figure 4) . Thus, disruption of the predicted basepairings alleviated the repression of the reporter ssaA2 3-lacZ gene. In contrast, the glpF fusion was poorly expressed and did not show any RsaA-dependent regulation.
In conclusion, these data strongly suggest that RsaA would primarily regulate translation initiation of several of the newly identified target mRNAs by sequestrating their ribosome binding sites.
Quantitative proteomics suggest that RsaA indirectly regulates cell surface proteins
Cytoplasmic and secreted proteins extracts from the WT strain (HG001), the mutant HG001 rsaA (LUG1630) strain and the same strain complemented with a plasmid expressing RsaA under its own promoter were analysed in triplicates by LC/MSMS coupled to spectral count analysis, which ended with more than 1000 identified proteins (Supplementary Table S6 ). We considered a P-value lower than 0.02 and a ratio of spC (number of spectra identified by protein) of the deleted strain compared to the complemented strain, which is smaller than 1/6 or bigger than 6. Using these criteria, a list of 46 putative proteins whose translation might be regulated directly or indirectly by RsaA was obtained ( Table 2 ). Among them, the synthesis of two proteins, MgrA and SsaA2 3, for which the mRNAs have been demonstrated as primary targets of RsaA, were found enhanced in the mutant strains ( Table 2 ). In the remaining protein set, we also found FLIPr, but the protein was poorly detected in the culture supernatant, represented by only one MSMS spectrum in the analysis. However it was reproducibly found enriched by a factor of almost two in the rsaA strain. The protein SsaA2 2 was well expressed both in the total proteins and supernatant extracts, but enriched only by a factor below two in the mutant strain (Supplementary Table S6 ). In these experiments, the proteins SsaA 2, the SH3 domain-containing protein (HG001 01977), CycA and NorB 4 were not detected while the synthesis of L19, and GlpF were found unchanged in the various strains. Interestingly, several surface proteins were found significantly activated by RsaA. These proteins include the extracellular matrix proteins EbH 1 and 3, the immunoglobulin G binding protein A, the surface protein G SasG, the Serineaspartate repeat-containing proteins C and D StrC/StrD, the amidase LytN and the clumping factor ClfB. Because the corresponding mRNAs were not detected in the MAPS approach and that no significant basepairings were predicted, we postulated that these effects are most likely indi-rect and linked to the RsaA-dependent repression of mgrA (54) .
DISCUSSION
Many bacterial sRNAs act as antisense RNAs and form short and non-contiguous basepairing interactions with a group of mRNAs often functionally related to adapt cell growth in response to specific stress, environmental changes and various hosts. Although S. aureus genome codes for numerous sRNA genes, the functions of only few of them have been identified. In this organism, transcriptomic analysis was poorly adapted to monitor the rapid depletion of mRNAs specifically repressed by a specific sRNA. A recent approach, the so-called MAPS, has been recently developed to detect in vivo the whole sets of mRNAs interacting with a defined sRNA. This powerful approach has been applied on two E. coli sRNAs, RyhB and RybB (12) . For the first time, this study provided a whole sRNA targetome and besides the previously identified mRNA targets, has revealed the unexpected existence of sponge RNAs issued from precursor tRNAs. Here, we demonstrated that this technology could also be applied to S. aureus sRNAs independently of their regulatory mechanisms, and in a WT strain context expressing all ribonucleases.
As a proof of concept, we adapted the protocol to one small non-coding sRNA, RsaA, which functionally links two master regulatory factors, Sigma B and MgrA proteins Table 2 . Differential proteomic analysis (25) . We first showed that the tagged RsaA behaved as the WT sRNA and was able to efficiently regulate the translation of mgrA mRNA (Figure 1) . Analysis of the enriched RNAs that co-purified with RsaA revealed that the first most abundant mRNA (15-fold) was mgrA. A second set of mRNAs (>3-fold) encodes several amidases that are involved in peptidoglycan metabolism and remodelling (reviewed in (40) ). These enzymes play also a role in biofilmassociated infections (42) . A third group of mRNAs (below 3-fold) codes for various proteins that are associated to the membrane (transporters, efflux pump), and the secreted FLIPr protein. Our analysis revealed that most of the mR-NAs could potentially form stable duplexes with RsaA involving either its interhelical unpaired domain encompass-ing the C-rich motif or the first hairpin loop motif. It is of interest that a potential correlation exists between the order of the enriched mRNAs and the strength of the predicted basepairings (Table 1 and Supplementary Table S5 ). However, gel retardation assays revealed that only several mR-NAs (flr, mgrA, ssaA 2, ssaA2 2, ssaA2 3, HG001 01977) were competent to form stable complexes with RsaA. For the other mRNAs (glpF, cycA-1, norB-4, rplS, ssaA2 4), one cannot exclude that a trans-acting RNA-binding protein would help to facilitate the formation of complexes, and/or alternatively that RsaA would bind to the mRNAs during the transcription process to avoid secondary structure elements masking the regulatory elements. However, we also cannot exclude the possibility that these RNAs were retained together with another partner, through an indirect manner. For instance, we observed enrichment of the quorum sensing induced regulatory RNAIII (enrichment just below 2,5), which has been recently shown to stabilize mgrA mRNA through direct binding with the 5 UTR of one of the mgrA transcripts (43) . Therefore, it is highly possible that RNAIII was co-purified together with mgrA. Toeprinting assays further demonstrated that RsaA primarily represses translation initiation of flr, ssaA 2, ssaA2 2 and ssaA2 3 mRNAs. As established for mgrA, the C-rich motif of RsaA binds to the strong SD sequences of the mRNAs but we also observed that complementarities extend to the coding sequences of the target mRNAs. The regulatory regions present in the four ssaA mRNAs are highly conserved. Based on our data, we propose that for ssaA mRNAs, the two interaction sites involve one molecule of RsaA while for flr mRNA, two RsaA molecules would cover almost 40 nts of the mRNA (Figures 2 and 5 ). Interestingly enough, mutations in the C-rich motif of RsaA hindered duplex formation and restored ribosome binding for flr mRNA, ssaA 2, ssaA2 3 mRNAs arguing that initial pairings occur at the SD sequence. Proteomic analysis is well correlated with the MAPS data because RsaA significantly repressed the synthesis of these proteins (MgrA, FLIPr, SsaA2 3, SsaA 2). All these data strongly support that these mRNAs are direct targets of RsaA.
The first 5 hairpin loop of RsaA is a second regulatory site, which has been involved in the formation of a loop-loop interaction stabilizing mgrA-RsaA complex (25) . Here our results demonstrate that this domain of RsaA might also bind to the large 5 UTR of the hypothetical mRNA HG001 01977 encoding a SH3 domain-containing protein (Supplementary Figure S5) . Indeed, a strong RsaAdependent RT pause was found at the 3 boundary of the mRNA bound to RsaA, and mutation of the C-rich motif of RsaA did not alter the formation of the stable complex (Figure 2) . It is intriguing that the steady state level of this RNA did not change in the WT and mutant strains ( Figure 3 ). We also did not observe the formation of an active initiation ribosomal complex questioning on the coding capacity of this hypothetical mRNA. The gene is located on a pathogenicity island (phiSA3, which carry the immune evasion cluster), just downstream sak mRNA encoding staphylokinase (Supplementary Figure S5 ). This exotoxin activates plasminogen to digest fibrin clots, but also inhibits phagocytosis by cleaving IgG and complement component. In the same area, several non-coding RNAs have been identified; one of them called SprE is expressed from the same strand between the sak gene and HG001 01977 (44) . We need to address more specifically the functional consequences of the mRNA-RsaA complex, and to decipher if HG001 01977 mRNA is translated. Alternatively, we cannot rule out that this hypothetical mRNA might regulate the activity of RsaA. Recent reports have indeed described novel RNA functions modulating the action of sRNAs; some of them act as RNA decoys (45) or as RNA sponges (46) to regulate the stability of the target sRNA and consequently affect the expression of their regulons. More recently, Lalaouna et al. (12) have demonstrated that the tRNA spacers can serve as RNA sponges to prevent transcriptional noise of several sRNAs in E. coli. In this latter case, the decay of the regulated sRNAs is not affected. It was proposed that such sRNA sponge would set up a concentration threshold that sRNAs must exceed to induce target regulation under specific conditions (12) . Finally, a bacteriophage encoded RNA called AgvB was able to counteract the action of the enterohemorrhagic E. coli GcvB sRNA through sequence mimicry (11) . Its interaction does not alter the stability of GcvB although the synthesis of its targets was deregulated. Interestingly, HG001 01977 gene locus is also located on a pathogenicity island, which arose from bacteriophage (Supplementary Figure S5 ). Whether HG001 01977 regulates the RsaA action remains to be studied.
Analysis of the functions of the RsaA targets reveals several interconnected links. Four of the ssaA mRNAs encode proteins that belong to the CHAP amidase family endowed with D-alanyl-glycyl endopeptidase activity that cleave between the crossbridge and the stem peptide. A SH3 domain found in glycyl-glycine endopeptidases, that cut the pentaglycine bridge specific to staphylococcal cell wall, was predicted in the protein encoded by mRNA HG001 01977. Cell wall metabolism is vital for bacteria and endopeptidases play multiple functions in cell shape, division, resistance to stresses, protein secretion, biofilm formation and in host-pathogen interactions. These enzymes should also be tightly regulated to avoid perturbation of the cell wall particularly at the stationary phase of growth. Indeed, they are under the control of several transcriptional regulatory proteins, among which the essential two-component system WalKR (40, 47, 48) . Inactivation of WalKR at the stationary phase of growth caused transcription arrest of these enzymes (40) , and interestingly, the expression of SsaA2 2 proteins and LytM were found sufficient to by pass WalKR essentiality (47) . An additional post-transcriptional level of regulation was recently described in which S. aureus RNAIII contributed to the repression of lytM translation at high cell density (49) . Hence, RsaA would be the second RNA coordinating the translation repression of SsaA family enzymes at the stationary phase of growth in a Sigma B-dependent manner. Among the new mRNA targets of RsaA, one of them encodes a secreted virulence factor, the FLIPr protein (26, 50) . Interestingly, the gene is located on an immune evasion cluster (pathogenicity island 4; (51) and Figure 5 ) that includes staphylococcal complement inhibitor and several fibrinogen-binding proteins (Scn-2, Fib-1, Fib-2). FLIPr protein is a secreted staphylococcal antiinflammatory protein that acts as an antagonist of the receptor protein FPRL1. This protein is expressed in various cells such as neutrophils, macrophages and microglials (52) , and triggers many cellular functions including chemotaxis, exocytosis and superoxide generation. Hence, by counteracting FPRL1, FLIPr contributes to the evasion of bacteria from the human defense system (26) . This novel function of RsaA is somehow related to the translation repression of mgrA mRNA, a master regulator of S. aureus (53, 54) . MgrA is a major activator of capsule formation and regulates autolytic activities, efflux pumps, several transporters and virulence factors. Particularly, the two-component system ArlRS and MgrA formed a regulatory pathway that led to the repression of several cell surface proteins (SraP, SasG, FmtB, SdrD and protein A) (53, 54) . This repression confers to S. aureus the ability to form clumps in the pres- (25 and 50 nM) . The first three lanes represent incubation controls of free mRNA, bound to RsaA WT or RsaAmutC, respectively. Lanes T, G, A: dideoxy sequencing reactions. The experiments were performed with RNase V1 (V1), RNase T1 (T1) and RNase T2 (T2). On the sequence of flr mRNA are shown the RNase cleavages, which have been reproducibly found in two independent experiments: triangles denote RNase V1 cuts, filled arrows denote RNase T2 cuts. Effect of RsaA binding: protections are given by circles and enhanced or new RNase V1/T2 cleavages are labelled by stars. ence of fibrinogen, which facilitates adhesion to the host tissues but also protect the bacteria. Interestingly, mgrA mutants are unable to form clumping due to the synthesis of the cell surface proteins Ebh, SraP and SasG. In addition, the mgrA mutant has enhanced biofilm production due to the expression of SasG protein, which is known to favour intercellular contacts (54) . In agreement with this study, quantitative differential proteomic analysis revealed that the deletion of RsaA causes a strong decrease in the synthesis of the cell surface proteins EbH, protein A, SdrD, SdrC, SasG, LytN and the clumping factor ClfB ( Table 2 and Supplementary Table S6 ). These effects are most likely indirect and linked to the direct repression of mgrA. Indeed, our previous study has also shown that the induction of RsaA inhibits capsule formation and enhances biofilm formation through the repression of mgrA (25) . The expression of RsaA was also accompanied by a decreased protection of S. aureus against opsonophagocytic killing by neutrophils, and acute systemic infection in mice was attenu-ated while chronic catheter infection was enhanced. Clearly, the RsaA-dependent translation repression of both MgrA and FLIPr supports these phenotypes while the repression of the SsaA family enzymes helps to maintain the integrity of the cell wall, a property that is certainly essential to maintain the correct presentation of the cell surface proteins. Hence, RsaA is part of a regulatory network that modifies the complex interactions with the host immune system (Figure 6) . The MAPS approach also revealed that RsaA mediates crosstalk between the core genome and the mobile elements through the regulation of genes (flr, HG001 01977) located on pathogenicity islands thus integrating horizontally acquired genes into pre-existing post-transcriptional networks (55, 56) .
As shown for E. coli (12) , the MAPS approach can also be used to gain a better knowledge of the overall functions regulated by a specific sRNA in Gram-positive bacteria. In this work, we utilized an sRNA carrying a C-rich motif that has been shown as an ideal motif for targeting the ribosome binding sites of mRNAs, indicating that RsaA would primarily act as a translational regulator. However, because these experiments have been conducted in a WT strain (in the presence of all ribonucleases), we do not exclude that mRNAs that are rapidly depleted could be underestimated. Two of the ribonucleases, RNase III and RNase J1/J2, generate multiple effects on RNA metabolism and regulation (57, 58) . Furthermore, RsaA and mgrA mRNA were both co-immunoprecipitated with WT and catalytically inactive RNase III but the other identified mRNAs were not found in this study (57) . Further experiments will be required to analyse whether RsaA acts in coordination with RNases to regulate its target mRNAs. MAPS could also be used to identify RNA-binding proteins although a crosslinking step would probably be required to stabilize the interactions that are often transient and dynamic. More recently, novel high-throughput techniques have been developed to map RNA-RNA interactions at global scale in vivo in eukaryotes (59, 60) or bacteria (61) . These methods, which combine in vivo crosslinks, ligation of interacting RNAs and high-throughput sequencing, revealed an impressive diversity of intra-and intermolecular RNA-RNA pairings. Such approaches applied to S. aureus could certainly explore the complexity of RNA-RNA interactions taking place and to track their dynamics occurring under various stress conditions and during infection.
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